Introduction
Sqstm1/p62 (hereafter, Sqstm1) is conserved among metazoans, but not in plants or fungi.
Sqstm1 contains multiple domains, including a Phox1 and Bem1p (PB1) domain, a zinc finger (ZZ), two nuclear localization signals, a TRAF6-binding (TB) domain, a nuclear export signal, an LC3-interacting region (LIR), a Keap1-interacting region (KIR), and a ubiquitin-associated (UBA) domain, which mediate the protein's interactions with various binding partners and also determine the cellular localization (Bitto et al., 2014; Ishii et al., 2013; Moscat and Diaz-Meco, 2009 ). Sqstm1 is a stress-inducible cellular protein; in particular, expression of the Sqstm1 gene is positively regulated by an oxidative-stress responsive transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2) (Ishii et al., 2000; Jain et al., 2010) . Via its PB1 domain, Sqstm1 protein forms helical filaments (Ciuffa et al., 2015) that are translocated to sites of autophagosome formation (Itakura and Mizushima, 2011) , where they serve as molecular templates for nucleation of the growing autophagosomal membrane (Ciuffa et al., 2015) . At these sites, Sqstm1 eventually interacts with an autophagosome-localized protein, LC3, through its LIR, leading to its autophagic degradation (Ichimura et al., 2008; Pankiv et al., 2007; Shvets et al., 2008) .
Sqstm1 also contributes to selective autophagy for ubiquitinated cargos (Bjorkoy et al., 2005; Rogov et al., 2014) . In response to stressors, Sqstm1 is sequentially phosphorylated at Ser409 (corresponding to human Ser407) and Ser405 (corresponding to human Ser403) of the UBA-domain, which increases the binding affinity of Sqstm1 for ubiquitin chains. As a result, Sqstm1 is translocated to autophagy substrates such as ubiquitin-positive protein aggregates, damaged mitochondria, and infecting bacterial cells (Lim et al., 2015; Matsumoto et al., 2015; Matsumoto et al., 2011; Pilli et al., 2012) . Recognition of the ubiquitin chain causes conversion from large helical filaments to shorter and less compact helical ones, which play a role in exclusive sequestration of ubiquitinated cargo in forming autophagosomes (Ciuffa et al., 2015) . In addition, Sqstm1 self-oligomerizes in a PB1 domain-dependent manner to promote packaging of ubiquitinated cargos (Ichimura et al., 2008; Lamark et al., 2003; Pankiv et al., 2007) . Meanwhile, Sqstm1 interacts with Nbr1, which has structural domains similar to those of Sqstm1 and serves as a receptor for selective autophagy via LC3 is required for sufficient removal of ubiquitinated cargos during the process of selective autophagy (Bjorkoy et al., 2005; Ichimura et al., 2008) .
Under selective autophagy-inducing conditions, mammalian target of rapamycin complex 1 (mTORC1) phosphorylates a specific serine residue (Ser351, corresponding to human Ser349) in KIR of Sqstm1 on the autophagic cargos (Ichimura et al., 2013) . Phosphorylated Sqstm1 increases its binding affinity for Kelch-like ECH-associated protein 1 (Keap1), an adaptor of the ubiquitin ligase complex for Nrf2 and competitively abrogates the interaction between Nrf2 and Keap1. Consequently, Nrf2 translocates into the nucleus to induce the transcription of numerous cytoprotective genes encoding antioxidant proteins, detoxifying enzymes, and multidrug transporters (Ichimura et al., 2013; Ishimura et al., 2014) . Phosphorylated Sqstm1 and Keap1 together with autophagic cargos are degraded by autophagy (Jain et al., 2015; Taguchi et al., 2012) . This process enhances the positive-feedback loop resulting from Nrf2-mediated activation of Sqstm1 gene expression (Jain et al., 2010): two major stress response pathways, selective autophagy and the Keap1-Nrf2 system, are coupled to each other via S351-phosphorylation of Sqstm1. disappeared in response to nutrient deprivation ( Fig. 2A) . Treatment of the MEFs with lysosomal enzyme inhibitors, E64d and pepstatin A (EP) increased levels of Sqstm1-GFP and Sqstm1, as well as of LC3-II ( Fig. 2A) , but decreased the level of free GFP ( Fig. 2A) . These results imply autophagic degradation of Sqstm1-GFP.
Fluorescence microscopic analysis revealed that upon nutrient deprivation, structures positive for Sqstm1-GFP with a diameter ranging from 0.5 to 1 μm appeared in the cytoplasm (Fig. 2B ). Immunofluorescence analysis with anti-LC3 antibody revealed that the number of LC3-positive puncta dramatically increased upon nutrient deprivation and 20.7  2.5% (n = 30 cells) of these puncta were colocalized with Sqstm1-GFP (Fig. 2B) . These results corresponded approximately to those obtained by immunofluorescence staining of endogenous Sqstm1 with a specific antibody (Bjorkoy et al., 2005; Komatsu et al., 2007) . To directly determine the lifespan of these Sqstm1-GFP puncta in Sqstm1-GFP KI/+ MEFs, we carried out time-lapse video microscopic analysis. In response to nutrient deprivation, the Sqstm1-GFP dots appeared at random in the cytosol, persisted for a time, and then disappeared. The average (± SE) duration of this process was 9.49  6.46 min ( Fig. 2C and Supplementary Information, video 1), similar to the half-life of the autophagosome (Mizushima et al., 2001) . To explore the localization of Sqstm1-GFP on the membrane structures more precisely in cells, we first carried out analysis using structured illumination microscopy (SIM). SIM revealed cup-shaped LC3 structures, in which the LC3 intensity differed among sites, and Sqstm1-GFP translocated onto restricted parts of LC3-positive structures (Fig. 2D ). Next, we performed immuno-electron microscopy (IEM) analyses with anti-GFP antibody. Sqstm1-GFP was localized both inside and on the restricted part of the outer membranes of autophagosomes. Counting of colloidal gold particles indicated that majority of the signal (74.5  38.8%) was in the engulfed region ( Fig. 2E ). Aggregate-like structures positive for Sqstm1-GFP were occasionally found on the autophagosomal membranes ( Fig. 2E ).
(As[III]) (Fig. 3A). Likewise, treatment of the MEFs with As[III] induced expression of
Sqstm1-GFP (Fig. 3A) . We confirmed prominent up-regulation of Sqstm1 and Sqstm1-GFP proteins, both of which were phosphorylated at Ser351, in response to
As [III] (Fig. 3B ). Immunoprecipitation assay with anti-GFP antibody revealed that
As[III] treatment significantly enhanced the interaction between Keap1 and Sqstm1-GFP (Fig. 3C) . Thus, the exposure of As [III] was accompanied by nuclear accumulation of Nrf2, as well as induction of Nrf2 targets such as Nqo1 and Ho-1 ( Fig.   3A and B). The properties of Sqstm1-GFP and the Keap1-Nrf2 pathway in 3G-a) and autolysosomal structures (Fig. 3G-b) , and occasionally associated with phagophore profiles (Fig. 3G-c, d ). Taken 
Sqstm1-GFP in autophagy-deficient tissues
Finally, we tested the utility of Sqstm1-GFP knock-in mice for in vivo studies in intact animals. To this end, we crossbred the Sqstm1-GFP KI/+ with hepatocyte-specific to 10 m in the livers of the mutant mice (Fig. 4B ). These aggregates were also co-labeled by anti-Sqstm1, S351-phosphorylated Sqstm1, and/or Keap1 antibodies (Fig.   4B ). Their size and number, as well as composition, were comparable to those of aggregates formed in livers of Atg7 f/f ;Albumin-Cre (Fig. 4B ).
Persistent activation of Nrf2 due to sequestration of Keap1 into Sqstm1-positive structure causes hepatomegaly and liver failure in Atg7 f/f ;Albumin-Cre and Atg5 f/f ;Albumin-Cre mice (Komatsu et al., 2010; Ni et al., 2014 
Discussion
In this study, we developed a line of mice that express GFP-fused Sqstm1 under the control of the Sqstm1 promoter, and demonstrated that Sqstm1-GFP in 
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Materials and Methods
Cell culture and knockdown
Mouse embryonic fibroblasts (MEFs) were prepared as described previously (Komatsu et al., 2007) . Immortalized MEFs were established by infecting MEFs with a recombinant retrovirus carrying a temperature-sensitive simian virus 40 large T antigen.
MEFs were grown in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 5 U/ml penicillin, and 50 g/ml streptomycin. Sodium arsenite was purchased from Wako Pure Chemical Industries (Osaka, Japan). E64d and Pepstatin A were from Peptide Institute, Inc (Osaka, Japan).
Mice. The targeting vector for Sqstm1-GFP knock-in mice was constructed by inserting the cDNA fragment encoded by exons 3-8 (302-1326) of Sqstm1, the GFP cDNA, and a polyA signal sequence after exon 2 of the endogenous Sqstm1 gene (Fig. 1A) . A neo resistance gene cassette (mc1-neo-pA) was ligated behind the polyA signal sequence.
We electroporated the targeting vector into mouse TT2 ES cells, selected with G418 Signals were normalized to the corresponding levels of Gusb mRNA(encoding beta-glucuronidase). The sequences of the primers used were: Sqstm1 Left, and immunolabeled with anti-GFP antibody (Abcam), followed by incubation with secondary antibody conjugated with colloidal gold particles (12 nm; Jackson
ImmunoResearch laboratories). Detailed procedures used for cell freezing, sectioning, and immunoreactions were described previously (Waguri and Komatsu, 2009 ). Sections were viewed using an electron microscope (JEM1200EX, JEOL, Tokyo, Japan). In some electron microscopy images, gamma correction was performed using the Adobe Photoshop software (Adobe system Inc.) for better recognition of colloidal gold particles on dark background area, as indicated in the figure legend.
Statistical analysis.
Values, including those displayed in the graphs, are means ± SE.
Statistical analysis was performed using the unpaired t-test (Welch test). A P-value < 0.05 denoted statistical significance.
